Persistent sodium and calcium currents cause plateau potentials in motoneurons of chronic spinal rats. . After chronic spinal cord injury motoneurons exhibit large plateau potentials (sustained depolarizations triggered by brief inputs) that play a primary role in the development of muscle spasms and spasticity (Bennett et al. 2001a,b). The present study examined the voltage-gated persistent inward currents (PICs) underlying these plateaus. Adult rats were spinalized at the S 2 sacral spinal level and after 2 mo, when spasticity developed, intracellular recordings were made from motoneurons below the injury. For recording, the whole sacrocaudal spinal cord was removed and maintained in vitro in normal artificial cerebral spinal fluid (nACSF), without application of neuromodulators. During a slow triangular voltage-clamp command (ramp) a PIC was activated with a threshold of Ϫ54.2 Ϯ 4.8 mV (similar to plateau threshold), with a peak current of 2.88 Ϯ 0.95 nA and produced a pronounced negative-slope region in the V-I relation. This PIC was in part mediated by Cav1.3 L-type calcium channels because it was low threshold and significantly reduced by 10 to 20 M nimodipine or 400 M Cd 2ϩ . The PIC that remained during a calcium channel blockade (in Cd 2ϩ ) was completely and rapidly blocked by tetrodotoxin (TTX; 0.5 to 2 M), and thus was a TTX-sensitive persistent sodium current. This persistent sodium current was activated rapidly about 7 mV below the spike threshold (spike threshold Ϫ46.1 Ϯ 4.5 mV), contributed approximately 1/2 of the initial peak of the total PIC, inactivated partly to contribute only approximately 1/3 of the sustained PIC (at 5 to 10 s), and deactivated rapidly with hyperpolarization (Ͻ50 ms). When TTX was added to the bath first, the nimodipine-sensitive persistent calcium current (L-type) was seen in isolation; it was slowly activated (Ͼ250 ms), had a low but variable threshold (either slightly above or below the spike threshold), contributed the other approximately 1/2 of the initial peak of the total PIC (before TTX), did not usually inactivate with time (contributed approximately two-thirds of the sustained PIC), and deactivated slowly with hyperpolarization to rest (in Ͼ300 ms). In summary, low-threshold persistent calcium (Cav1.3) and sodium currents spontaneously develop in motoneurons of chronic spinal rats and these enable large, rapidly activated plateaus that ultimately lead to spasticity.
I N T R O D U C T I O N
Motoneurons can produce plateau potentials that amplify and sustain their motor output (Bennett et al. 1998a,b; Hounsgaard and Kiehn 1989; Hultborn 2002; Kiehn and Eken 1997; Lee and Heckman 1998b; Schwindt and Crill 1982) . That is, in motoneurons there are voltage-dependent persistent inward currents (PICs) that are regeneratively activated once the membrane is depolarized beyond a critical threshold (about Ϫ45 to Ϫ55 mV) by a brief stimulus (Ͻ1 s). These currents can remain active for many seconds afterward, and produce a sustained depolarization (plateau) and after-discharge (selfsustained firing). In motoneurons these PICs underlying the plateau are mainly mediated by calcium currents from lowthreshold L-type calcium channels (Cav1.3 type) (Carlin et al. 2000b; Kiehn 1985, 1993) , although persistent sodium currents may also play a role (Hsiao et al. 1998; Lee and Heckman 2001) , and outward voltage-and calcium-dependent K ϩ currents can oppose the inward calcium current (Hounsgaard and . Thus the PIC is considered to be the net persistent current from the combined inward and outward current sources.
The ability to activate plateaus in normal motoneurons relies on the facilitation of PICs by neuromodulators such as 5-HT (Hounsgaard and Kiehn 1989; Hsiao et al. 1998) , NE (Foehring et al. 1989 ), or glutamate (through mGluR1 receptors; Svirskis and Hounsgaard 1998) , and this occurs both by a direct facilitation of L-type calcium channels (Hounsgaard and Kiehn 1989) or by reduction of opposing outward K ϩ currents (Hounsgaard Hultborn and Kiehn 1992) . Evidence from awake humans (Gorassini et al. 1998; Kiehn and Eken 1997) and animals , and brain stemintact decerebrate cats (Hounsgaard et al. 1984) indicates that there is normally an adequate supply of neuromodulators to enable plateaus and associated self-sustained firing in motoneurons. After an acute spinal cord transection, these brain stem-derived neuromodulors are lost, and motoneurons caudal to the injury lose their ability to produce plateaus. However, these motoneurons regain their ability to produce plateaus with externally applied neuromodulators, such as 5-HT 2 , NE ␣ 1 , mGluR 1 and muscarine receptor agonists (Conway et al. 1988; Kiehn 1985, 1989; Svirskis and Hounsgaard 1998) , or with stimulation activating neuromodulator release (Delgado-Lezama et al. 1999) .
Although acute spinal cord transection can eliminate plateaus in motoneurons, recent evidence indicates that these motoneurons somehow regain their ability to produce plateaus over the months that follow the injury (Bennett et al. 2001a,b; Eken et al. 1989) . For example, after chronic sacral spinal transection, the motoneurons below the injury spontaneously exhibit plateaus, even though they were completely isolated from the brain stem and there was no externally applied neuromodulators or facilitated neuromodulator release (Bennett et al. 2001a,b) . Ultimately, these plateaus cause an enhanced intrinsic excitability that leads to spasms in affected muscles (Bennett et al. 2001a ) and thus are of major clinical significance.
The purpose of the present study was to examine the ionic mechanisms underlying these spontaneous plateaus that emerge in chronic spinal rats despite the lack of brain stem control or externally applied neuromodulators. Considering the involvement of the L-type calcium channels in generation of plateaus in other preparations, we first examined whether blocking calcium currents could eliminate the plateaus. Surprisingly, the PIC and plateaus could be reduced to only about half their initial values with a calcium channel blockade. The remaining PIC was found to be mediated by tetrodotoxin (TTX)-sensitive persistent sodium currents. Part of this work was previously published in abstract form (Li et al. 2001) .
M E T H O D S
Both normal adult female Sprague-Dawley rats (Ͼ60 days old, n ϭ 5) and spastic rats with chronic spinal cord injury (Ͼ90 days old, n ϭ 35) were included in the present study. For the spastic rat, a complete spinal cord transection was made at the S 2 sacral level when the rat was 40 to 50 days old (Bennett et al. , 2001a . Usually within 30 days dramatic spasticity developed in the tail muscles, which are innervated by motoneurons below the level of the injury. Only rats more than 50 days postinjury with clear spasticity were included in the present study (see Bennett et al. 1999 for details of the animal model). All experimental procedures were approved by the University of Alberta animal welfare committee (HSAPWC).
In vitro preparation
The detailed in vitro procedures were described previously (Bennett et al. 2001b ). Briefly, normal and chronic spinal rats were anesthetized with urethan (0.18 g/100 g), and the whole cord caudal to the L 12 vertebrate (which is above the S 2 injury level in chronic spinal rats) was exposed and wetted with modified artificial cerebral spinal fluid (mACSF). The rat was then given pure oxygen with a mask until the dorsal vein turned bright red and then the cord was quickly removed to the dissection chamber, and immersed in mACSF. In contrast to the previous study, the dorsal roots attached to the cord were cut off (except the Ca 1 caudal dorsal roots, which were kept together with the caudal equina), and the cord was glued (super glue, RP 1500; Adhesive Systems) onto a small piece of nappy paper (with the ventral side facing up) to increase stability. After an hour's rest in the dissection chamber maintained at room temperature (20°C), the cord was transferred to the recording chamber, where it was immersed in continuously flowing (at a rate of 5 ml/min) normal ACSF (nACSF), which was maintained at 25°C. The cord was then secured at the bottom of the recording chamber by pinning the nappy paper onto the Sylgard base of the chamber.
Intracellular recording
The long ventral roots (usually sacral S 4 and caudal Ca 1 ) and caudal equina were mounted on silver chloride wires supported above the recording chamber fluid and covered with high vacuum grease. Sharp intracellular recording electrodes were made from thick wall glass capillaries (1.5 mm OD; Warner GC 150F-10) with a micropipette puller (Sutter P-87 puller), filled with a 1:1 mixture of 2 M potassium acetate and 2 M KCl to give an initial impedance of 40 to 60 M⍀, and beveled down to 20 to 30 M⍀ on a rotary grinder (Sutter BV-10, fine 006 beveling stone). Electrodes had a short bee-stinger shape for maximum current-passing capability to enable good voltage clamp. Electrodes were advanced perpendicularly into the ventral surface of the cord with a stepper-motor micromanipulator (660, Kopf), initially with fast 30-m steps to pass the pia and white matter, and then with 2-m steps. Ventral roots were stimulated with 0.1 ms, 0.015 mA (2xT) pulses at 1 Hz to evoke an antidromic field during the search for motoneurons. Brief capacitance over compensation was applied to produce a high-frequency current to break the cell membrane. Motoneurons were identified by antidromic spikes from ventral root stimulation. Only motoneurons with a stable penetration, resting potential Ͻ Ϫ60 mV, spike amplitude Ͼ60 mV, and reliable repetitive firing were included in the study. An Axoclamp2b intracellular amplifier (Axon Instruments, Burlingame, CA) running in either discontinuous current-clamp modes (DCC, switching rate 7 to 10 kHz, output bandwidth 3.0 kHz) or discontinuous voltage-clamp modes (gain 1 to 2.5 nA/mV) was used to collect the data.
Drugs and solution
Two kinds of ACSF were used in the experiments: nACSF in the recording chamber and mACSF in the dissection chamber before recording. The composition of nACSF was (in mM): 122 NaCl, 24 NaHCO 3 , 2.5 CaCl 2 , 3 KCl, 1 MgSO 4 , and 12 D-glucose. The composition of mACSF was (in mM): 118 NaCl, 24 NaHCO 3 , 1.5 CaCl 2 , 3 KCl, 5 MgCl 2 , 1.4 NaH 2 PO 4 , 1.3 MgSO 4 , 25 D-glucose, and 1 M kynurenic acid; the latter is a nonspecific blocker of glutamate transmission (Kekesi et al. 2002) . Both kinds of ACSF were saturated with 95% O 2 -5% CO 2 , and maintained at pH 7.4. Drugs added to the nACSF in the experiments included: 0.5 to 2 M TTX (RBI), 3 to 20 M nimodipine (Sigma, St. Louis, MO), 400 M Cd 2ϩ (Sigma), and 2 M conotoxin GVIA (RBI) and 1 M conotoxin MVIIC (RBI). TTX and Cd 2ϩ were dissolved in high concentrations (ϫ100) as stocks; nimodipine was dissolved in DMSO before each experiment (100 -200 mM). These drugs were then diluted to the desired concentration in nACSF. The DMSO concentration was Ͻ0.02% in the final nASCF solution (DMSO had no effect on plateaus, n ϭ 5). The conotoxins were directly dissolved in the nACSF before each experiment.
Persistent inward current in current and voltage clamp recording
Slow triangular current ramps (ramp speed 0.4 nA/s) and voltage ramps (standard ramp speed 3.5 mV/s, varied from 2 to 5 mV/s) were applied to the motoneurons to evoke the plateaus and the associated PIC. During the current ramps (in current-clamp), the PIC that contributed to the plateau and sustained firing was estimated from the difference in injected current required to terminate a plateau (I end ), compared with the current required to start the plateau (⌬I ϭ I end Ϫ I start ; see Fig. 2A or 3A and Bennett et al. 2001b for detail). During voltage ramps (in voltage-clamp), the amplitude of PIC was measured directly, as shown in Fig. 1 . That is, when the voltage was increased in a slow ramp the measured current initially increased proportionally because of linear subthreshold leak currents. However, above the PIC threshold the current deviated negatively from following the applied current (at I on in Fig. 1 ), and ultimately decreased dramatically despite the continued increase in voltage, and thus formed a negative-slope region in the current-voltage relation (N-shaped V-I relation). When the voltage ramp turned downward, the inward current continued, but was ultimately deactivated (at I off in Fig. 1 ) and thus produced another negative-slope region in the V-I relation. To obtain an estimation of the passive leak currents that sum with the PIC to give the recorded current, a linear relation was fit to the subthreshold current response in the linear region 10 mV below the PIC threshold (to give a leak conductance) and extrapolated to more positive voltages (leak current, thin triangular line overlaying current; Fig. 1 ). The PIC amplitude was then estimated by subtracting this leak current from the recorded current. The PIC revealed after leak subtraction demonstrated a clear initial peak and sustained peak (Fig. 1, bottom trace) . There was at times an error in the voltage-clamp when the PIC was activated (deviation from triangular shape), and this was compensated for by scaling the actual voltage recorded by the leak conductance and using this as the leak current.
Following the terminology of Lee and Heckman (1998a) , the first zero slope point on the up ramp in the recorded current was defined as the onset current (I on ) of the PIC, and the corresponding voltage was defined as the onset voltage (V on ); the second zero slope point of the recorded current in the up ramp was defined as the initial peak current (I i ) of the PIC; the first zero slope point on the down ramp of the recorded current was defined as the sustained peak current (I s ) of the PIC; the second zero slope point on the down ramp of the recorded current was defined as the offset current (I off ) of the PIC and the corresponding voltage was defined as the offset voltage (V off ). Because the recorded current went down at the negative slope region, and then went up again during the upward ramp, it always passed the onset current level line twice (the onset current point itself and the later one); the voltage corresponding to this latter point was defined as the jump-voltage (V j ; see RESULTS associated with Fig. 9 , below). In some of the motoneurons, the offset of the inward current was very gradual, so it was hard to choose the sustained peak; in these cases, the point on the down ramp corresponding to the same voltage, given that the onset voltage was defined as the sustained peak. Initial and sustained peak amplitudes after leak subtraction in voltage clamped ramps were measured to quantify the size of the persistent inward currents (as shown in Fig. 1 ).
The basic properties of the motoneurons, such as cell resistance, firing threshold, and firing level, were measured during current ramps in DCC mode. The resistance of the motoneurons was obtained by measuring the slope of the V-I plot at the subthreshold region during a current-clamp ramp. The spike threshold for each cell was measured from the first spike elicited by the current ramp, at the potential where FIG. 1. Persistent inward current (PIC) measurement during a slow triangular voltage ramp under discontinuous single-electrode voltage-clamp conditions. Current (middle) recorded intracellularly from motoneuron of chronic spinal rat recorded in normal artificial cerebral spinal fluid (nACSF) during slow voltage ramp (top). Note that voltage-clamp blocks fast sodium spikes above spike threshold (V S. Th. , Ϫ41 mV). In subthreshold region the current increases linearly with voltage (passive leak current) and linear regression is used to extrapolate this leak current to higher voltages (thin triangular line). When the PIC is initiated (at V on , I on ) the current drops despite increasing voltage (negative-slope region). PIC is quantified as deviation from estimated leak current (leak-current subtracted in lower trace). Onset, peak, and offset of PIC are marked by abbreviations described under METHODS (V on , I on , etc.). Current-clamp recording from same cell is described later in Fig. 9A . FIG. 2. Plateau and PIC are partly mediated by L-type calcium current. A: voltage response in motoneuron of chronic spinal rat during slow ramp current injection, under discontinuous current-clamp conditions. Note onset of plateau at the acceleration in potential just before recruitment (left arrow) and associated self-sustained firing (quantified by ⌬I). Dashed line indicates spike threshold (Ϫ51 mV). B: response to current ramp after tetrodotoxin (TTX) application, which blocked sodium spikes and synaptic activity (latter not shown). Note clear plateau not obscured by spikes (blocked by TTX), although its onset (at left arrow) was at higher threshold than that before TTX (arrow in A). C: nimodipine, a specific L-type calcium channel blocker, abolished the plateau in B. D: response of the same motoneuron before drug application during slow voltage ramp under voltage-clamp conditions (as in Fig. 1 ; taken 30 s after A). Note large PIC (arrow) and associated negative-slope region that starts below spike threshold (dashed lines at Ϫ51 mV). E: response to voltage ramp after TTX. Note decreased magnitude and increased voltage threshold (negativeslope above original spike threshold) of PIC (arrow), indicating that part of the PIC is mediated by TTX-sensitive current. F: further application of nimodipine eliminated remaining PIC, consistent with response in C. Tops of spikes in A clipped. there first began a rapid acceleration in the rate of depolarization to Ͼ10 V/s (Brownstone et al. 1992; Krawitz et al. 2001) .
To better understand the dynamics of the inward currents, a series of voltage steps/pulses were also applied to some of the motoneurons. Each series consisted of 10 consecutive pulses (2.5 mV increases between each pulse), lasting 4.5 s.
Data analysis
To avoid warm-up or inactivation between ramps (Bennett et al. 1998a (Bennett et al. , 2001a , only ramp responses measured Ͼ10 s after a previous ramp were included in the analysis. Data were analyzed in Clampfit 8.0 (Axon Instruments). Data are shown as averages Ϯ SD. A Student's t-test was used to test for statistical differences, with a significance level of P Ͻ 0.05.
R E S U L T S
A total of 35 motoneurons from below a chronic S 2 sacral spinal transection were included in the present study, mostly recorded from the S 4 sacral and Ca 1 caudal segments. These cells had a resistance between 5 to 15 M⍀, resting membrane potential of Ϫ66.2 Ϯ 8.5 mV, firing threshold of 1.78 Ϯ 1.51 nA, firing level of Ϫ46.1 Ϯ 4.5 mV, and spike height of 82.5 Ϯ 10.6 mV.
Plateaus were caused by L-type calcium and TTX-sensitive persistent sodium currents
As we found previously (Bennett et al. 2001b ), all motoneurons of chronic spinal rats were able to spontaneously exhibit plateaus (onset at arrow in Fig. 2A ) and self-sustained firing (that continued at currents below the recruitment current) in response to slow triangular current ramps ( Fig. 2A and 3A) . The maintained depolarizations (plateaus) underlying the selfsustained firing were clearly revealed in the presence of TTX (0.5 to 2 M, n ϭ 16, Fig. 2B ), where the potential deviated markedly from a linear increase with the current ramp (at arrow), and continued for many seconds as the current was reduced. Either Cd 2ϩ (400 M, n ϭ 4), a nonspecific calcium channel blocker, or nimodipine (10 to 20 M, n ϭ 8), a specific L-type calcium channel blocker, completely abolished this TTX-resistant plateau (Fig. 2C ), indicating that it was mediated by L-type calcium channels. However, when nimodipine (20 M, n ϭ 9) was added into the nACSF first, although the self-sustained firing was shortened (Fig. 3, A and  B) , it was not completely eliminated. After nimodipine, the application of 2 M TTX (n ϭ 7, Fig. 3C ) completely blocked the remaining plateaus. This result suggested that part of the PIC underlying the plateau was sensitive to TTX, probably attributable to a TTX-sensitive persistent sodium current (Hsiao et al. 1998) , as shown below. Thus we estimated the effects of TTX on the PIC itself, as follows.
Previously we showed that the amplitude of the PIC that produces the plateau and self-sustained firing can be indirectly estimated during current ramps from the reduction in injected current required to terminate the plateau (and self-sustained firing), compared with the current required to initiate the plateau (i.e., PIC Х ⌬I ϭ I end Ϫ I start , Figs Fig. 2A with Fig. 2B , the PIC estimated from ⌬I increased when TTX was added, as it did for most other motoneurons when TTX was added (8/10, with an average increase from 0.67 to 1.41 nA; see later section). This occurred because TTX has two major effects: it blocks any TTX-sensitive persistent sodium current and it also blocks the spikes; the latter eliminates a substantial outward current caused by the spike afterhyperpolarization (AHP), and thus on balance the estimated PIC increased with TTX. Thus to study the persistent sodium current directly without the effect of spiking and AHPs, we voltage-clamped the motoneurons to eliminate fast sodium spikes, and this gave a direct measurement of the slow PIC before and after TTX, as follows.
When a slow depolarizing voltage ramp was applied under voltage-clamp conditions, the measured current initially increased linearly (left of Fig. 2D , bottom trace), but deviated from linear about 10 mV below the spike threshold (dotted line) as the PIC was activated. For these slow ramps the spikes were usually blocked by the voltage-clamp as in Fig. 2D (n ϭ 30/35 cells; the remaining 5 cells had one or two unblocked spikes), and the spike threshold was measured separately during the current clamp, as in Fig. 2A . Eventually the current decreased, even though the voltage continued to increase (at arrow in Fig. 2D ). This formed a characteristic negative-slope region in the current response (N-shaped V-I relation; see Fig.  1 in METHODS for detail), with a drop in current of 1.5 nA in Fig.  2D (initial depth of negative-slope region). However, this depth of the negative-slope region is less than the total PIC because the membrane potential was being ramped up continuously, which caused a proportional increase in current that is estimated by the leak current drawn as a thin line overlaying the current in Fig. 2D (see METHODS). The difference between the measured current and the leak current represents the total PIC (length of arrow in Fig. 2D ; 3.25 nA). After TTX the PIC was smaller (arrow in Fig. 2E , 1.73 nA) compared with before TTX (Fig. 2D ). Also, after TTX the negative-slope region occurred at a higher threshold (above the spike threshold; dotted line). Together, these results indicate that part of the PIC was caused by a TTX-sensitive persistent inward current. The remaining PIC and negative-slope region after TTX ( Fig. 2E ) was completely eliminated by nimodipine ( Fig. 2F ), indicating that it was mediated by L-type calcium channels, in this case ( Fig. 2) with a slightly higher threshold than the TTX-sensitive portion of the PIC (near spike threshold).
When nimodipine was applied by itself, the PIC and associated negative-slope region was reduced (Fig. 3 , D and E, Table 1 ), as was the plateau, further confirming the role of L-type calcium channels in plateau production. The remaining PIC after nimodipine was completely eliminated by TTX (Fig.  3 , E and F), again indicating that part of the PIC was sensitive to TTX.
Because TTX blocked not only the postsynaptic sodium channels, but also the presynaptic spike-mediated neurotransmitter release, there remained a question of whether the TTX-sensitive PIC was mediated by this synaptic activity, rather than by a TTX-sensitive persistent sodium current. For example, basal levels of synaptic activity could release glutamate that could induce a PIC either directly (by NMDA receptors) or indirectly (by metabotropic glutamate receptor facilitation of L-type calcium channels; Delgado-Lezama et al. 1999 ). To answer this question, 400 M Cd 2ϩ was added into the nACSF (n ϭ 5; compare PIC and plateaus before and after Cd 2ϩ in Fig. 4 , A and D and B and E). Cd 2ϩ at this concentration completely blocks pre-and postsynaptic calcium currents, including the L-type calcium currents (as shown above; see also Chow 1991). Thus Cd 2ϩ blocks normal presynaptic transmitter release, and indeed we found that Cd 2ϩ rapidly eliminated both spontaneous and reflex evoked postsynaptic potentials (EPSPs, not shown). After Cd 2ϩ blocked the calcium channels, there was still a substantial PIC (and plateau) that remained (Fig. 4, B and E) , which was completely eliminated by TTX (Fig. 4 , C and F; n ϭ 4). This result proves that the TTX-sensitive PIC was indeed mediated by a TTX-sensitive persistent sodium cur- A: plateau and self-sustained firing evoked by a current ramp under current-clamp conditions. B: substantial plateau remained in a general calcium channel blockade with Cd 2ϩ , although note shortened self-sustained firing and increased firing frequency (Cd 2ϩ eliminated slow AHP). Cd 2ϩ also blocked all synaptic inputs (not shown). C: TTX blocked remaining plateau, leaving linear voltage-response to current ramp. D: PIC and negative-slope region in voltage-clamp recording before drug application. E: Cd 2ϩ reduced magnitude and increased threshold of the PIC, consistent with block of low-threshold persistent calcium current (as in Figs. 2 and 3) . F: TTX blocked remaining Cd 2ϩ -resistant PIC. Because Cd 2ϩ blocked presynaptic activity and all calcium currents, the PIC blocked by TTX must be a postsynaptic persistent sodium current. Dash line indicates spike threshold of Ϫ45 mV. rent because, with Cd 2ϩ present, TTX can have no effects other than on postsynaptic sodium channels, with all the synaptic activity already blocked and only sodium inward currents remaining. Taken together, our results demonstrate that the plateaus and self-sustained firing in motoneurons after chronic spinal cord transection were mediated by both an L-type calcium current (calcium PIC) and a persistent sodium current (sodium PIC).
Characteristics of the sodium and calcium PIC
AMPLITUDE OF THE SODIUM AND CALCIUM PIC. The amplitude of the PIC in voltage-clamp recordings was quantified by measuring the initial and sustained peak amplitudes of the PIC after subtraction of the leak current (see METHODS and Fig. 1 for detail). On average the initial peak was 2.88 Ϯ 0.95 nA, and the sustained peak was 1.64 Ϯ 0.52 nA (n ϭ 23). These large PICs occurred in all cells, with no correlation to the leak conductance (r Ͻ 0.5). When TTX was added into the nACSF (n ϭ 12, Fig. 5A ), the amplitude of the initial and sustained peak of PIC decreased by 57.6 Ϯ 22.2% (from 2.95 Ϯ 0.83 nA to 1.21 Ϯ 0.60 nA) and 36.8 Ϯ 28.7% (from 1.54 Ϯ 0.50 nA to 1.03 Ϯ 0.55 nA), respectively, and thus the TTX-sensitive PIC contributed these proportions to the total PIC. The PIC that remained after TTX (white bars in Fig. 5A) represented the calcium PIC by itself because this current was completely eliminated by nimodipine or Cd 2ϩ (not significantly different from zero; gray bars in Fig. 5, A and B) . Thus the calcium PIC contributed 42.4% (1.21 Ϯ 0.60 nA) of the initial peak and 63.2% (1.03 Ϯ 0.56 nA) of the sustained peak of the total PIC. When Cd 2ϩ was added into the nACSF first (n ϭ 4, Fig. 5B ), the amplitude of the initial and sustained peak decreased by 61.4 Ϯ 8.0% (from 2.31 Ϯ 0.65 nA to 0.89 Ϯ 0.31 nA) and 63.0 Ϯ 19.4% (from 1.64 Ϯ 0.46 nA to 0.57 Ϯ 0.30 nA), respectively. The PIC that remained after Cd 2ϩ (white bars in Fig. 5B) represented the sodium PIC by itself because this current was completely eliminated by TTX (not significantly different from zero; gray bars in Fig. 5B ). This sodium PIC measured this way (as opposed to with direct application of TTX) contributed 38.6% (0.89 Ϯ 0.31 nA) of the initial peak and 37.0% (0.57 Ϯ 0.30 nA) of the sustained peak of the total PIC. When nimodipine was added into the nACSF (n ϭ 7, Fig.  5C ), the amplitude of the initial and sustained peak of PIC deceased by 45.2 Ϯ 22.6% (from 3.10 Ϯ 1.25 nA to 1.75 Ϯ 0.99 nA) and 45.7 Ϯ 23.3% (from 1.83 Ϯ 0.60 nA to 1.01 Ϯ 0.58 nA), respectively. Nimodipine did not block the synaptic transmission in our preparation (data not shown); thus these numbers represent the amplitude of calcium PIC and are similar to the numbers obtained from the experiments adding TTX first, just described. In summary, these results indicate that, although sodium and calcium PIC contributed almost equally in generating the initial part of the total PIC, sodium PIC contributed to only approximately 1/3 of the sustained peak and calcium PIC contributed to approximately two-thirds of the sustained peak of the total PIC. The small discrepancies in sodium and calcium PIC estimates with different drug combinations may represent a portion of the PIC that is blocked by the presynaptic actions of TTX or Cd 2ϩ , as quantified further in the DISCUSSION. VOLTAGE THRESHOLD OF THE SODIUM AND CALCIUM PIC. In all the motoneurons (20/20 in Fig. 6 ), the voltage threshold of the PIC (Ϫ54.2 Ϯ 4.76 mV) was lower than the firing threshold (Ϫ46.1 Ϯ 4.5 mV). Because the voltage threshold of the total PIC is determined by the current with lower voltage threshold, we blocked one of the inward currents to reveal the threshold of the other current. When TTX was added into the nACSF (n ϭ 10, Fig. 6A ), the voltage threshold of the remaining current (calcium PIC) was on average Ϫ48.7 Ϯ 6.42 mV, significantly higher than before. With TTX the threshold increased in 7/10 motoneurons (by Ͼ2.5 mV), suggesting that in these cells the calcium PIC had a clearly higher voltage threshold than the sodium PIC. In the remainder (3/10), there was only a small change in threshold, suggesting that in these cells calcium PIC either had a lower or similar threshold compared with the sodium PIC. In addition, of the 10 cells studied, 2 cells had a calcium PIC threshold (after TTX) higher than the voltage threshold of the spike (before TTX), and the remainder had a calcium PIC threshold below the spike threshold. Thus the voltage threshold of calcium PIC could be either below or above the firing threshold or the sodium PIC threshold.
When Cd 2ϩ (n ϭ 3) or nimodipine (n ϭ 7, Fig. 6B ) was added into the nACSF first, the threshold of the remaining current (TTX-sensitive sodium PIC) was Ϫ52.8 Ϯ 3.95 mV, not significantly different from before (Ϫ54.1 Ϯ 4.48 mV). In most of the cells (8/10) the PIC threshold did not increase (Ͻ2.5 mV change), suggesting that the sodium PIC had a voltage threshold lower or similar to the calcium PIC in these cells. In the other cells (2/10) there was an increase in threshold Ͼ2.5 mV with calcium blockade, suggesting that the calcium PIC had a lower threshold than that of sodium PIC. However, no matter how the threshold changed with calcium blockade, it never exceeded the firing threshold of these cells, suggesting that sodium PIC was always activated subthreshold to the spike. In conclusion, our results indicate that 1) the sodium PIC was activated about 7 mV subthreshold to the spike, whereas the calcium PIC was activated either lower, or higher (by 5 mV), than the spike threshold, and 2) in most of the motoneurons, the calcium PIC had a higher voltage threshold than that of the sodium PIC, whereas in a few of them, calcium PIC had a similar or lower threshold than that of the sodium PIC. The activation voltages of these PICs were measured at the electrode, which may be different from the actual gating voltages for the channels mediating these currents, considering that these channels may be on distal dendrites (Bennett et al. 1998b; Powers and Binder 2003) .
KINETICS OF THE SODIUM AND CALCIUM PIC. As shown above, the sodium PIC decreased significantly during the approximately 8-s-long standard voltage ramp (from an average of 0.82 nA initial peak to 0.39 nA sustained peak); in contrast, most of the calcium PIC persisted during the same ramp (from an average of 1.19 nA initial peak to 1.01 nA sustained peak, not a significant reduction). These results indicate that the sodium PIC inactivated significantly, whereas calcium PIC did FIG. 7. Inward current activation during long voltage pulses (steps) under voltage-clamp conditions. A: current recorded from motoneuron of chronic spinal rat when a series of increasing voltage steps were applied, each starting from Ϫ70mV (all steps shown in B, but not A). As voltage step increased, the current initially increased proportionally (traces 1-4). Above Ϫ50 mV (thickened lines, 5 to 7) the PIC was activated with a delay (half activation at vertical ticks) and caused reduction in current. Recorded in 2 M TTX, and thus only calcium PIC present. Note tail current after pulse when calcium PIC was activated (traces Ͼ5). B: peak negative deflection in current during steps shown as function of voltage of the step, in nACSF (square), in TTX (circle), and in TTX plus Cd 2ϩ (triangular). Note negative-slope region as PIC is activated (N-shaped V-I plot). C: overlay of current recorded in nACSF (a), TTX (b), and TTX plus Cd 2ϩ (c) in response to the same suprathreshold voltage pulse. Lower figure shows reduction in current with TTX (a-b, sodium PIC) and Cd 2ϩ (b-c, calcium PIC). Note slow onset and offset (tail current) of calcium PIC, and rapid onset and offset of sodium PIC. Same scale as A. D: average halfactivation time (T 1/2 ) for calcium PIC. Data binned at 3-mV intervals for averaging, n ϭ 4. not. To further study the kinetics of these two different PICs, a series of 4.5-s voltage steps/pulses of increasing size were applied to the motoneurons (n ϭ 7). With small voltage steps (subthreshold to the PIC), the current responded simply in proportion to the voltage step, with a steplike shape and amplitude that increased with applied voltage (leak current). When the threshold of the PIC was reached, instead of increasing, the amplitude of the recorded current decreased with increasing pulse size (PIC activated, thick lines in Fig. 7A ). When the negative peak of the recorded current was plotted against the voltage applied (Fig. 7B) , an N-shaped V-I relation was formed, with a negative-slope region corresponding to the PIC activation (just as for the slow ramps described in Figs.  1-4) . This series of voltage steps were applied before (squares in Fig. 7B ) and after each drug application, and the PIC components were eliminated in succession as expected of blocking the sodium PIC (with TTX, circles) and calcium PIC (with Cd 2ϩ and TTX, triangles), leaving a linear V-I relation.
Currents recorded from the same suprathreshold depolarizing step/pulse with different drugs applied are overlaid in Fig.  7C . With a blockade of the PICs with TTX and Cd 2ϩ the current response was steplike, and represented the passive leak current (Fig. 7C, trace c) . With just TTX present (trace b, sodium blocked) the current response to the step was initially the same as in trace c, but after about 1 s the current dropped, as the calcium PIC was activated. The actual calcium PIC was estimated from subtracting trace b from trace c (lower part of Fig. 7C ). Likewise, the sodium PIC was estimated from subtracting trace a in normal ACSF from trace b in TTX. The calcium PIC had a slow onset (approximately 1 s in Fig. 7C ) that was highly voltage dependent. That is, the time to activate half of the PIC (T 1/2 ) was 250 to 500 ms with high-voltage steps, whereas the T 1/2 was more than 1 s with voltage steps just above threshold (Fig. 7D) . The slow onset of the calcium PIC is also seen in the raw data in Fig. 7A (at vertical lines for traces 5-7) recorded in TTX when only the calcium PIC remained. Interestingly, the lowest voltage step (trace 5) evoked a calcium PIC that took more than 2 s to start and was activated in 2 discrete steps. Once activated, the calcium PIC usually did not inactivate with time (Fig. 7, A and C) . Finally, corresponding to its slow activation, the calcium PIC also turned off slowly after the depolarizing step (deactivated slowly). That is, there was usually a tail current following the pulse (5/7, Fig. 7A, arrow) , which was on average about 1 nA and lasted for about 500 ms. The tail current was not significantly affected by TTX, and completely blocked by nimodipine or Cd 2ϩ , which indicated that it was mediated by an L-type calcium current; and thus it serves as a useful positive indicator of the presence of a calcium PIC in normal CSF (Fig. 7C, trace a) .
The activation of the sodium PIC (Fig. 7C ) was in general much more rapid than the calcium activation. However, it was more difficult to study because in normal ACSF there was usually an unclamped sodium spike at the start of the voltage step (not shown), followed by a voltage-clamped outward current corresponding to the AHP currents and lasting approximately 80 ms (brief outward current at onset of step in trace a of Fig. 7C ). Nevertheless, following this brief unclamped behavior the sodium PIC was immediately visible, as the current crossed below the dotted zero-line in the lower part of Fig. 7C (at 80 ms) , and thus the sodium PIC was likely activated in Ͻ80 ms. The sodium PIC reached its peak rapidly (at arrow in Fig. 7C) , partly inactivated over about 1 s, and there was usually a steady sodium current that persisted throughout the voltage step. Sometimes, at voltages just below the spike threshold of the cell, we saw a slow onset of sodium PIC (approximately 1 s; data not shown), indicating that just at threshold the sodium PIC could come on slowly. This was a threshold phenomenon, unlike the slow onset of calcium PIC over a wide voltage range (Fig. 7D) , and it was difficult to study because of the unclamped spikes at higher voltages, as mentioned. The deactivation of the sodium current was rapid (Ͻ50 ms), like its onset, and produced no tail current after the pulse.
Involvement of N-and P-type calcium currents?
Plateaus and the associated PICs were usually completely blocked by nimodipine and TTX, and thus it was unlikely that other types of calcium currents could play a major role in plateau activation. However, in a few cells with nimodipine and TTX added (2/15), there was a low-threshold transit inward current that remained, which produced a brief depolarization during the current ramps, and was sensitive to Cd 2ϩ , suggesting that significant low-voltage activated T-type calcium current might exist in these cells (Russo and Hounsgaard 1996) , although this needs further investigation. The nimodipine-sensitive persistent calcium current in our preparation was low-voltage activated (ϳ Ϫ50 mV), and was probably associated with the Cav1.3 Ca channel with low voltage behavior (see DISCUSSION) . This current was usually fully activated at Ͻ Ϫ40 mV, and indeed we usually did not voltage-clamp our cells above this Ϫ40 mV level, suggesting that high-voltageactivated calcium channels do not play a major role. However, to directly rule out the involvement of high-voltage-activated calcium channels (i.e., N-, P-, Q-type, etc.) in the activation of the PIC, conotoxin GVIA, and MVIIC, high-voltage-activated calcium channel blockers were added into the nACSF. Conotoxin GVIA and MVIIC partially blocked the EPSPs and the AHP, but did not block the plateau or the associated PIC (n ϭ 3, data not shown). Thus these high-voltage-activated calcium currents were not involved in the low threshold PIC studied here.
Sensitivity of the PIC to TTX and nimodipine
In the preceding results we used standard doses of TTX, Cd 2ϩ , and nimodipine that produced a complete block in about 10 min (steady-state effect). We also tested lower doses to determine these standard doses and judge the sensitivity of the PIC to these drugs. When TTX was applied at the standard dose of 2 M, it usually blocked the fast sodium spikes in 3 to 5 min, and at this time the TTX-sensitive portion of the PIC was also nearly completely blocked. Lower doses of TTX (0.5 to 1 M) gave longer times to block the spike (6 to 14 min), but the TTX-sensitive portion of the PIC was again blocked at the same time as the spikes. These results suggest that, at least in the 0.5-to 2-M range, the fast spike and the PIC have a similar sensitivity to TTX.
When nimodipine was applied at the standard 20-M dose there was a steady-state reduction in the PIC in 8 to 15 min. This moderately high dose had no effect on the sodium spike, and thus was unlikely to affect the sodium channels. A 10-M dose took 20 to 30 min to take effect. Nimodipine doses as low as 3 M only partly blocked the calcium portion of the PIC (with TTX present), and a further full block required 10 to 20 M.
Acute spinal rats motoneurons have a small PIC
Consist with previous studies, motoneurons from acute spinal rats did not produce plateaus in current-clamp recording (Fig. 8A) , and corresponding to this, they usually (4/5) did not produce a negative-slope region during voltage-clamped ramps (Fig. 8B) . However, during these voltage ramps there was a small PIC (seen with leak subtraction, arrows in Fig. 8B ), and this produced an inflection (left arrow) in the current response. The mean initial and sustained peaks of the PIC are 0.59 Ϯ 0.44 and 0.54 Ϯ 0.32 nA, respectively, significantly smaller than the PIC in chronic spinal rats (Fig. 8D ). This PIC is TTX and Cd 2ϩ sensitive, although we have not quantified the respective sodium and calcium PICs.
Role of PICs in activation of plateaus
In the present section we examine how the PICs measured from voltage-clamp experiments are involved in producing plateaus, similar to the analysis of Booth et al. (1997) and Lee and Heckman (1998a) , but specifically examining the separate roles of the sodium and calcium PICs. This issue is initially addressed in cells with spikes blocked with TTX (Fig. 9B) , by replotting the data recorded in current-clamp (plateau; Fig. 9B ) and voltage-clamp (PIC; Fig. 9C ) in a voltage-current format (V-I plot; Fig. 9E upward ramp and Fig. 9F downward ramp) . In current-clamp (thick line in Fig. 9E ; first half of 9B), when the current was increased between the levels labeled 1 and 2 (horizontal lines in Fig. 9E ) the voltage increased and followed closely to the V-I plot of the voltage-clamp data (thin line in Fig. 9E ; first half of Fig. 9C ), as expected of this region subthreshold to the plateau activation. However, when the current was increased further (in current-clamp) from level 2 to level 3, the membrane potential response (thick line) could no longer continuously follow the V-I plot of the voltage-clamp current response (thin line), but instead the voltage jumped rapidly across the negative-slope region to rejoin the voltageclamp V-I plot at a current corresponding to the current level 3 (bistable point; V j ). This jump corresponds to the onset of the plateau, and thus, the width of the valley formed by the negative-slope region in the V-I plot corresponds to the amplitude of the plateau that would be produced by the PICs alone, without spikes present (width: V j Ϫ V on , thick arrow in Fig. 9E ). Interestingly, this width measured in TTX (Table 1) is not significantly different from the corresponding width measured in nimodipine; and thus the respective calcium and sodium PICs must contribute equally to the onset of a plateau (before drug applications). Also, either TTX or nimodipine FIG. 9 . Relation between voltage-and current-clamp recordings. A: current-clamp recording from a motoneuron of a chronic spinal rat with plateau and self-sustained firing (⌬I). Voltage-clamp for same cell shown in Fig. 1. B : current-clamp recording from same cell after TTX application. C: voltageclamp recording from same cell after TTX application. D: voltage-clamp current response plotted as function of voltage applied (V-I plot), derived from C. Note N-shaped relation, and clockwise hysteresis on downward ramp (down arrow) compared with upward ramp (up arrow). E: overlay of upward ramp V-I plots from current-clamp (thick line) and voltage-clamp (thin line) recordings of B and C. Note close overlay of data, except in the valley formed by negative-slope region. Horizontal lines indicate current levels discussed in text. F: overlay of the downward ramp responses of B and C. Short dash lines in A, B, and C indicate firing threshold of cell before TTX application. B and C, same vertical scale.
FIG. 8. Motoneurons from acutely transected spinal rats do not have plateaus, but have small PICs, seen by leak current subtraction. A: current-clamp recording from motoneuron of an acute spinal rat with no plateau or selfsustained firing. B: voltage-clamp recording from same cell as in A. Note small PIC (arrows) that was not large enough to produce a negative slope region. C: current-clamp recording from motoneuron of chronic spinal rat. Note the long self-sustained firing (arrow). D: voltage-clamp recording from same cell as in C. Note the large PIC and negative slope region (arrow).
reduced the width of the negative-slope region only marginally from control conditions (only significant reduction in nimodipine; Table 1) , and thus either current is sufficient to activate a large plateau. The primary requirement for a plateau is a negative-slope region of adequate width.
Role of PICs in current-clamp hysteresis, ⌬I
During a triangular ramp under current-clamp, when the current was decreased after the PIC activation, the voltage response (thick line in Fig. 9F ; downward ramp) initially followed closely to the associated downward voltage-clamp V-I plot (thin line, covered by thick line from current-clamp; upper right corner of Fig. 9F ; level 4 to level 1). However, when the current was decreased further in current-clamp (to level 0 in Fig. 9F ), the PIC was deactivated, and the potential (thick line) jumped from the bottom of the negative-slope region to the lower-left branch of the voltage-clamp V-I plot (at level 0; bottom left of Fig. 9F ), as the plateau was terminated. Thus the relative depth of the negative-slope region on the downward ramp (sustained depth) compared with the onset of the PIC (I on Ϫ I s , sustained depth shown as thick arrow in Fig. 9C; 1.8 nA) corresponds to the current-clamp hysteresis ⌬I ( Fig. 9B; 2 nA) . In fact, the mean ⌬I from all cells measured in current-clamp after TTX (1.41 Ϯ 1.13 nA; e.g., 2 nA in Fig.  9B ) was indeed close to the sustained depth (I on Ϫ I s in Fig.  9C ) of the negative-slope region after TTX (mean 1.12 Ϯ 0.66 nA; see Table 1 ). In voltage-clamp, the sustained depth measured in normal ACSF was significantly reduced by nimodipine, but not TTX, indicating that the calcium PIC plays a primary role in the current-clamp hysteresis and self-sustained firing during long slow ramps (unpublished data). However, the initial depth of the negative slope region (I on Ϫ I i ) was significantly reduced by TTX (Table 1) , indicating that the sodium PIC should play a role in the self-sustained firing during short ramps that turn around just after activating the PIC (e.g., Fig. 3 ).
Voltage-clamp hysteresis
Hysteresis in voltage-clamp PIC response was associated with additionally prolonged plateaus and sustained firing, and we demonstrate next that this PIC hysteresis was mainly caused by the calcium PIC. The voltage-clamp hysteresis is in general seen as a clockwise loop in the V-I plot (Fig. 9D) . The size of this loop was quantified as the difference between the current or voltage at the onset of the PIC (I on or V on ) and offset of the PIC (I off or V off ). This hysterisis (I on Ϫ I off or V on Ϫ V off ) was significantly reduced by the application of nimodipine (Table 1) , as was the ⌬I. In contrast, when the TTX was added the hysteresis (I on Ϫ I off or V on Ϫ V off ) was not significantly reduced (Table 1) , and the ⌬I was also not reduced. Thus most of the voltage-clamp hysteresis was mediated by the calcium PIC (seen with TTX in Fig. 9D ), whereas the sodium PIC produced little voltage-clamp hysteresis. Indeed the sodium PIC, seen directly in Cd 2ϩ or nimodipine, was usually not hysteretic (see symmetric response in Fig. 4E ).
D I S C U S S I O N
Our results demonstrate that after chronic spinal transection motoneurons exhibit large PICs. These PICs (and associated negative-slope regions) produce large plateaus that have been demonstrated to cause sustained muscle spasms associated with spasticity after chronic spinal cord injury (Bennett et al. 2001a,b) . The PICs occur spontaneously, that is, without the application of neuromodulators or facilitation of neurotransmitter release, and remain even after possible spike-mediated transmitter/neuromodulator release is completely blocked by TTX or Cd 2ϩ . Acute spinal transection is associated only with small PICs, consistent with the lack of plateaus or spastic behavior (Bennett et al. 2001a,b) . The large PIC in chronic spinal rats is mediated by both persistent sodium and calcium currents. The sodium PIC is activated subthreshold, inactivates partly, and deactivates rapidly, and thus contributes to almost half of the initial part of the PIC, but only a third of the sustained part. In contrast, the calcium PIC (L-type) can be activated above or below the firing threshold of the motoneurons, does not show much inactivation, and deactivates slowly, and thus contributes to about half of the initial part of the PIC and two thirds of the sustained PIC. The calcium PIC is clearly hysteretic, even during slow voltage ramps (Fig. 9D) , suggesting that these calcium currents are of dendritic origin, and thus not fully voltage-clamped (Lee and Heckman 1998a ). In contrast, the sodium PIC is not hysteretic, likely because of its partial inactivation with time.
decrease, in inferred PIC (⌬I). This difficulty indeed might explain why a prominent role of TTX-sensitive persistent sodium currents has not been previously described in motoneurons (Hounsgaard and Kiehn 1985) , although see Hsiao et al. (1998) . Thus the main objective of the voltage-clamp experiments was to block the spikes and the associated AHPs, without blocking the TTX-sensitive persistent sodium current, so that this persistent sodium current could be measured before TTX application. A good voltage-clamp of the soma was sufficient for this purpose and a clamp of the dendrites was neither necessary nor possible because of the large dendritic trees of motoneurons (Ritz et al. 1992) . In fact, it is probable that unclamped channels on the dendrites produced most of the hysteresis of the PIC in voltage-clamp recording (Bennett et al. 1998a; Hounsgaard and Kiehn 1993; Lee and Heckman 1996) .
Ionic mechanisms underlying the persistent inward current
An important finding of the present study is that a major part of the plateau is mediated by a TTX-sensitive persistent sodium current. Although TTX-sensitive persistent sodium currents mediating plateaus in motoneurons have not been extensively studied, persistent sodium currents have been proposed to exist in normal spinal motoneurons (Lee and Heckman 2001) , and they have been suggested to play a role in plateau activation in hamster trigeminal motoneurons (Hsiao et al. 1998 ) and many other neurons (Angstadt and Choo 1996; Elson and Selverston 1997; Rekling and Laursen 1989; Sandler et al. 1998; Schwindt and Crill 1995; Stafstrom et al. 1982 Stafstrom et al. , 1985 . According to these studies, the persistent sodium currents are sensitive to TTX, have a voltage threshold a few millivolts below the spike threshold, activate and deactivate rapidly, and demonstrate considerable inactivation after activation. In our experiments, Cd 2ϩ was used to block calcium channels and thus reveal the persistent sodium current in isolation. This PIC that remained after Cd 2ϩ was completely eliminated by TTX, and its characteristics (low threshold, fast kinetics, inactivation) closely resemble the persistent sodium current seen in other preparations, and thus it is mediated by a similar TTX-sensitive persistent sodium current (see review, Crill 1996) .
The other major part of the PIC in chronic spinal rats was found to be mediated by L-type calcium channels, consist with data shown in many other preparations (Hounsgaard and Kiehn 1989; Hsiao et al. 1998; Mills and Pitman 1997; Morisset and Nagy 1999) . Although L-type calcium channels are conventionally considered as high-voltage gated channels, activated at above Ϫ30 mV (Fox et al. 1987; Tsien et al. 1988 ), our results demonstrate that the threshold of L-type calcium channels is around the firing threshold of the motoneurons, which is similar to the low threshold obtained in other studies of plateaus in neurons (i.e., Ϫ45 to Ϫ55mV; Hounsgaard and Kiehn 1989; Mills and Pitman 1997; Morisset and Nagy 1999; Voisin and Nagy 2001; . In addition, these L-type calcium channels involved in plateau activation require a higher concentration of dihydropyridines (10 M nimodipine in our experiments, 15 M nifedipine in Hounsgaard 10 M nifedipine in Voisin and Nagy 2001; and 50 M nifedipine in Mills and Pitman 1997) to be completely blocked than do conventional L-type calcium channels (Ͻ1 M) (Fanelli et al. 1994; McCarthy and TanPiengco 1992) . Two subtypes of L-type calcium channels, Cav1.3 and Cav1.4, have recently been found. The Cav1.3 subtype has a lower activation threshold and a much lower sensitivity to the dihydropyridines (Koschak et al. 2001; Xu and Lipscombe 2001) ; thus it is very likely that the plateaus found in ours and others' preparations are mediated by the Cav1.3 subtype Ltype calcium channels. Although higher threshold calcium channels (N-and P-type) are not involved in plateaus under physiological conditions (nimodipine blocks plateaus, Carlin et al. 2000b; Hounsgaard and Kiehn 1989) , they can produce large plateaus and PICs (above Ϫ30 mV) when K ϩ currents and intracellular Ca 2ϩ are artificially reduced (our unpublished data and Carlin et al. 2000a; Powers and Binder 2003) .
Although our results demonstrate that part of the PIC in chronic spinal rats is mediated by L-type calcium channels (nimodipine-sensitive), it does not mean that this calcium current acts simply by directly depolarizing the cell membrane and producing the plateaus. Calcium from the L-type calcium channels may trigger many intracellular cascades and affect the activity of other channels and receptors that ultimately contribute to the PIC and plateau. For example, in rat deep dorsal horn interneurons, after L-type calcium currents initiate plateaus, these plateaus are further prolonged by a calcium-activated nonselective cation current (I CAN ) (Morisset and Nagy 1999; ; however, see Perrier and Hounsgaard (1999) . Also, in turtle motoneurons, calcium facilitates plateaus by activating a calmodulin pathway, which may ultimately facilitate the L-type calcium channel itself (Perrier et al. 2000) . Recent experiments have shown that the calmodulin levels in motoneurons of chronic spinal rats are increased compared with that in normal rats (Anelli et al. 2001 ); therefore it is possible that calmodulin is also involved in the large PICs and plateaus seen after injury. Finally, the inflow of calcium can activate Ca 2ϩ -dependent K ϩ currents, which oppose the inward current; thus the amplitude of inward current recorded in the present experiments may be underestimated. However, it is unlikely that the emergence of large inward currents in chronic spinal rats is simply caused by a reduction in the AHP-related K ϩ currents because the AHP itself is not reduced in chronic spinal rats (Bennett et al. 2001b) .
Possible origin of persistent inward currents after chronic injury
There may be several reasons why after chronic spinal cord injury motoneurons are spontaneously able to produce such large persistent inward currents and plateaus. First, after spinal cord injury, synaptic transmission below the level of injury is no longer controlled by descending inhibitory tracts (Baldissera et al. 1981; Jankowska 1992) , and thus there might be more neurotransmitter released from certain afferent terminals or interneurons (Thor et al. 1994) . However, although this may be important, its actions are clearly relevant only in the longterm, given that large PICs and plateaus are not present immediately after acute spinal cord transection, presumably because of the acute loss of brain stem-derived transmitters such as 5-HT or NE (Conway et al. 1988; Hounsgaard et al. 1988 ). With long-term injury additional changes may occur that make the residual transmitters more effective in facilitating PICs. For example, metabotropic receptors that facilitate PICs may become supersensitive to the released neurotransmitters (Hains et al. 2002) or the receptors may be upregulated after chronic spinal cord injury (Mills and Hulsebosch 2002) . If a supersensitivity does occur, then even lower than normal levels of transmitters might be important; for example, Յ12% of normal 5-HT remains chronically below a complete spinal transection (Newton and Hamill 1988; Shapiro 1997) . Thus enhanced metabotropic receptor action (by glutamate, 5-HT, etc.) might contribute to the exaggerated PICs and associated plateaus after chronic injury. It is noteworthy that sodium currents should be modulated by metabotropic receptor actions (by cyclic AMP and protein kinase C pathways; Li et al. 1992; Crill 1996; Astman et al. 1998; Mittmann and Alzheimer 1998) , just as persistent calcium currents are (Russo and Hounsgaard 1999) .
This possible involvement of metabotropic receptor action may appear to be at odds with our present finding that calcium or sodium PICs survive synaptic blockade with TTX or Cd 2ϩ , respectively. However, in our studies we measured the calcium PIC (or sodium PIC) within 10 to 15 min after TTX (or Cd 2ϩ ) application, a time that may not be long enough for the longlasting intracellular actions of metabotropic receptors to be reversed. For example, 5-HT 2c receptor activation can have effects that last for 1 h after 5-HT agonist has been removed (Machacek et al. 2001 ; see also Miller et al. 1996) . In contrast, metabotropic glutamate receptor facilitation of PICs has a shorter lasting action, and is reversed within a few minutes of removal of receptor activation (Delgado-Lezama et al. 1999 ). Thus part but not all of the PIC might be reduced by the 10-to 15-min synaptic blockade in our experiments, and this might explain why about 15% of the total PIC is unaccounted for by the sum of the individual sodium and calcium PICs that remain after either Cd 2ϩ or TTX (see RESULTS).
The exaggerated PICs after chronic injury might also be related to an upregulation in the number of L-type calcium channels. Expression of more calcium channels has been shown after peripheral nerve trauma in dorsal root ganglion cells Luo et al. 2001) . At the present time, there is no evidence of increase expression of calcium channels after CNS trauma. However, increased expression of calcium channels does occur after ischemia or hypoxia (Chung et al. 2001; Duffy and MacVicar 1996; Westenbroek et al. 1998) .
In summary, large persistent inward currents can be activated in motoneurons of chronically transected rat spinal cord, without the application of neuromodulators, or stimulated neuromodulator release. These PICs are mediated by low-threshold persistent sodium (TTX-sensitive) and calcium (L-type) currents. Ultimately, these PICs cause the large plateaus that have been shown to underlie muscle spasms after injury (Bennett et al. 2001b ). The detailed involvement of persistent sodium and calcium inward currents in abnormal firing and spasticity after spinal cord injury is addressed in a companion paper (unpublished data).
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